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annual ryegrass (Lolium rigidum L.) to produce corynetoxins. When infected grasses are consumed, animals suffer neurological symptoms, toxicosis, and death (2, 17) . The nematode and the vectored bacterium were first associated with toxicity of annual ryegrass in Manoora, Australia in 1978 (5) . In the year after the very first detection of association, 5,591 sheep and 232 cattle died on infested pastures there (6) . This animal toxicosis could present a threat to the United States livestock industry (worth over $95 billion for cattle and over $836 million for sheep in 2008) (National Agricultural Statistics Service, http://www.census.gov/compendia/statab/2012/tables/12s0870. pdf). Therefore, R. toxicus is considered a select agent by USDA Animal and Plant Health Inspection Service (www.selectagents.gov). The nematode can develop galls in undifferentiated flower buds, stamen cells, and various other tissues, including seed. Nematodes mature and reproduce within the galls, producing second-stage juveniles that are highly resistant to drying. The bacterium R. toxicus may remain within the nematode gall or may grow outside of it to encompass other parts of the head. In the latter case, yellow bacterial slime may be evident on the nematode galls, which are larger than normal seed and readily detectable. However, similar nematode galls may be induced by A. agrostis in ryegrass (20) .
Although the problem of ryegrass toxicity is primarily confined to Australia and South Africa, there were reports from Oregon of similar symptoms from the 1940s to the 1960s (16, 17) . Bacterial head blight of orchardgrass (Dactylus glomerata L.), caused by nontoxigenic R. rathayi, exhibits superficially similar symptoms and is vectored by an uncharacterized Anguina sp. (1) . Therefore, molecular characterization of undescribed Anguina spp. is needed for identification of these nematodes and to further define boundaries of species associated with these potentially harmful bacteria.
A. agrostis is a potentially important pest where bentgrasses in the genus Agrostis are grown for seed (9) . This nematode has a wide distribution worldwide and has been reported in the United States (4) . The second-stage juveniles of A. agrostis from seed or soil move in a film of water to feed on the growing points of young plants. When inflorescences form, nematodes enter the tissue of developing ovules and induce seed galls. The infected seed gall inflorescences have glumes that are four to five times longer than normal seed. Seed galls containing nematodes are dark brown in color compared with uninfected seed; hence, they can be separated manually via visual inspection.
A. pacificae is the most devastating pest of Poa annua L. putting greens in northern California golf courses. The nematode is a major threat to the California golf industry, which supports 160,000 jobs and annually contributes more than $6 billion directly to the economy (12) . Stem galls form at the crown of the plant, which contains developing juveniles, adults, and eggs; a second generation of the nematode may follow. Initial symptoms on turf caused by the nematode are yellow patches of about 5 cm in diameter, which enlarge and may coalesce as the nematodes spread. Young infected plants may die and, when the infestation is severe, a rough, uneven putting surface may result.
Within the United States, nematodes that are intercepted at ports of entry or found during soil sampling and suspected to be from the genus Anguina are routinely submitted to the USDA Agricultural Research Service (ARS) Nematology Laboratory in Beltsville, MD, where species identification is typically achieved through morphological examination and confirmed through sequencing of the ribosomal RNA (rRNA) internal transcribed spacer (ITS) gene. This entire process is labor intensive and time consuming but, in many cases, it provides the most definitive identification. Another common approach for molecular identification of Anguina includes polymerase chain reaction (PCR) restriction fragment length polymorphism (RFLP) of the ITS1 rRNA gene (15) . Distinct patterns of restriction fragments generated by the enzymes AluI, BsrI, EcoRI, HaeIII, HhaI, HinfI, and TaqI can discriminate among A. agrostis, A. funesta, A. pacificae, A. tritici, A. wevelli, A. agropyronifloris, A. microlanae, and several other unnamed species isolated from specific host plants (15) . PCR-RFLP was used in 2010 to confirm, for the first time, the presence of A. funesta in the United States, discovered in ryegrass from Oregon (13) . Although the patterns can be species specific, PCR-RFLP lacks the sensitivity and speed of real-time PCR that is often favored for rapid diagnostic and quarantine applications (3, 14, 18, 24, 25) . The objective of this study was to develop and validate fast and robust TaqMan real-time PCR methods for accurate detection and identification of these four nematode species in the genus Anguina.
Materials and Methods
Nematode sources and DNA extraction. Nematodes used for sequencing were from previously known Anguina populations listed in Table 1 . Single nematodes were mechanically disrupted with sharp forceps in 20 ml of nematode extraction buffer (22) and stored at −80°C. DNA extracts were prepared by thawing frozen nematodes, to which an additional 1 ml of proteinase K (2 mg/ml stock solution) was added. The tubes were incubated at 60°C for 60 min, followed by 95°C for 15 min to inactivate the proteinase K. Extract (2 ml) was then used for conventional and real-time PCR.
Conventional PCR. Amplification of the rRNA region that includes ITS1, 5.8S rRNA gene, and ITS2 was performed using the primers and conventional PCR protocol described previously (19) . Briefly, the primers TW81 (5¢-GTTTCCGTAGGT GAACCTGC-3¢) (8) and AB28 (5¢-ATATGCTTAAGTTCAGC GGGT-3¢) (7) were included at 0.2 mM each in reactions containing 2 to 3 ml of extracted nematode DNA, 200 mM dNTP, 1 U of Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA), and supplied enzyme reaction buffer in a total volume of 25 ml. Cycling included one step of 95°C for 2 min; followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 90 s; and finished with one cycle at 72°C for 5 min. PCR products were excised from agarose gels and purified with the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA). The concentration of DNA was determined with a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE). Sequencing of PCR amplicons was performed at the University of Maryland Center for Biosystems Research (College Park). GenBank accession numbers for newly obtained sequences are listed in Table 1 .
Separate amplicons for each species ITS fragment were generated and cloned into the TOPO TA pCRII vector (Invitrogen) to be used as template for quantitative real-time PCR standard curves. Plasmid clones were propagated in strain Mach1-T1 of Escherichia coli (Invitrogen) and purified using PureLink Qick Plasmid Miniprep kits (Invitrogen). The cloned plasmids were named AF1247 (1,247 bp of A. funesta), AA1083 (1,083 bp of A. agrostis), AT902 (902 bp of A. tritici), and AP908 (908 bp of A. pacificae). Cloned plasmid DNA concentrations were measured by NanoDrop spectrophotometer. The number of copies of each rDNA insert was determined using the calculation: number of insert copies = [amount of DNA (ng) × 6.022 × 10 23 ]/[insert length (bp) × 1 × 10 9 × 660]. The initial concentrations were adjusted in Tris-EDTA buffer to 5.0 × 10 8 copies/ml. Tenfold serial dilutions were prepared in triplicate to establish standard curves for quantitative real-time PCR assays.
Primer and probe design. ITS rDNA sequences from A. funesta (AF396349), A. agrostis (AF396343), A. tritici (AF396354), and A. pacificae (A. M. Skantar unpublished) was analyzed with IDT PrimerQuest online primer design software (IDT, Coralville, IA; http://www.idtdna.com/Primerquest/Home/Index). Anguina genusuniversal TaqMan probe and primers were designed from the 5.8S rRNA region, and the Anguina spp.-specific primers and probes were based on ITS2 ( Table 2 ). The specificity of primers and probes was checked by alignment with sequences from additional reference populations: A. funesta from Australia (GenBank accession numbers AF396347 and AF396348); A. agrostis from Belgium (AF396338), Oregon (AF396339), Russia (AF396340, AF396341, and AF396344), and New Zealand (AF396342); A. tritici from Australia (AF396354), India (JF826515 and JF826516), Syria (DQ151460), China (AM888392), and an unknown location (AF396353); and A. pacificae from California (KM114440) using Sequencher 5.0 (Genecodes Inc., Ann Arbor, MI). Primer specificity was further analyzed in silico by comparison with several other Anguina DNA sequences from GenBank. This served to expand the comparison with named and unnamed Anguina spp. that were not available for direct testing by real-time PCR. The primers and probe sets were screened for target specificity in real-time PCR using DNA from two populations of A. funesta, one A. agrostis, three A. tritici, and one A. pacificae. In addition, two species of stem and bulb nematodes (Ditylenchus dipsaci and D. destructor), one species of foliar nematode (Aphelenchoides fragariae), five species of root-knot nematodes (Meloidogyne spp.), two lesion nematodes (Pratylenchus spp.), and one dagger nematode (Xiphinema sp.) were used as controls (Tables 3 and 4) . Real-time PCR. To obtain high endpoint fluorescence and low cycle threshold (Ct) values, optimization of all reagents, including the concentrations of the target or internal control primers and probes, MgCl 2 , and dNTPs, and standardization of the amplification protocol, including the temperatures and times of denaturation, annealing, and amplification, were carried out with serial 10-fold dilutions of DNA prepared from single nematodes of each Anguina spp. After optimization, the real-time PCR amplifications were performed using a SmartCycler II (Cepheid, Sunnyvale, CA) in a 25-ml reaction volume consisting of 240 nM each target primer, 160 nM each positive internal control primer, 120 nM each TaqMan probe, 6.0 mM MgCl 2 , 240 mM each dNTP, 1× PCR buffer, and 1 U of Platinum Taq DNA polymerase (Invitrogen). The standard amplification protocol was 95°C for 20 s with optics off, followed by 40 cycles at 95°C for 1 s with optics off and 60°C for 40 s with optics on and a temperature ramp at 5°C/s for the whole protocol. All reactions were performed twice and each run contained one positive control and one negative control (water). The data were analyzed using the SmartCycler software, version 2.0D. Standard curves were constructed from real-time PCR performed with serial 10-fold dilutions of DNA template prepared from Anguina agrostis, A. funesta, A. pacificae, and A. tritici (Table 5 ). Standard linear regressions (Y = a + bX) of the log concentration of the template copies (Y) versus the mean Ct values (X) were obtained. PCR amplification efficiency (AE) was estimated from the slopes of the standard curves using the equation AE = 10 −slope − 1 (10). The low detection limit (LDL), expressed as copy number, was estimated from the log concentration Y using the default Ct cutoff at 40 (x = 40) for a respective linear regression. For example, for A. agrostis singleplex qPCR, the LDL in log concentration Y = (−0.306 × 40) + 12.753 = 0.515 = log (LDL). Therefore, LDL = 3.26 copies.
Statistical analysis. Real-time PCR data were exported from the SmartCycler for calculation of mean Ct values and standard deviations. Analysis of variance was performed on the means of Ct values and, when significant, this was followed by a mean comparison test (Tukey's) using a confidence level of P = 0.05. The statistical analysis for the data (Tables 4 and 5 ) was performed with SAS (SAS Institute Inc., Cary, NC). Table 1 .
Results

Analysis of newly obtained
Comparison of these sequences with the nonredundant DNA database in GenBank at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/) confirmed the species identity of each population. With a few exceptions, similarities to previously reported sequences of known Anguina sp. were over 99% (not shown). Sequence from the undescribed Anguina sp. from Idaho was 96% similar to A. wevelli (represented by GenBank accession numbers AM8888393 and AF396317) and an anguinid from Stipa (AF396316). The Anguina sp. from Oregon was 93% similar to A. graminis (AF396351) and 93% similar to an Anguina sp. from Holcus lanatus (AF396350). This level of similarity is too low to support conspecificity with those populations, because 99% sequence identity to known Anguina reference sequences is typically expected for a positive identification based on ITS rDNA.
Primer and probe specificity. Based on conserved regions of ITS rDNA, a universal primer pair and TaqMan probe (set ASpfr) were designed to serve as an internal amplification control for all known Anguina spp. (Table 2 ). DNA regions that were unique to each species were identified and used for the design of primers and probes specific for A. agrostis (set AAfpr), A. funesta (set AFfpr), A. pacificae (set APfpr), and A. tritici (set ATfpr). Primer and probe sequences were each checked for mismatches to all known sequences of the target and nontarget species. For A. pacificae, only one DNA sequence was previously known, covering only the ITS1 region of rRNA. The newly obtained sequence (KM114440) contains a longer span including ITS1, 5.8S, and ITS2 rRNA, thereby providing additional regions from which to design the species-specific primers and probes.
The internal control primer-probe set ASfpr was able to detect all named Anguina spp. tested, with Ct values all less than 25 (Table 3) . For the two undescribed species, the Ct values were slightly higher ASf GTC TTA TCG GTG GAT CAC TCG G ASp TCA TAG ATC GAT GAA GAA CGC AGC CA ASr TGC AGT TCA CAC CAT ATA TCG CAG a Abbreviations include A = Anguina + species name (second letter A, F, P, or T); f = forward primer; p = probe; r = reverse primer. b Universal primer-probe set (A = Anguina + S = species). (27.46 to 28.12), which is consistent with the presence of 1 bp mismatch in the probe ASp compared with the DNA sequence of Anguina sp. from Oregon and 1 bp mismatch in primer ASr compared with Anguina sp. from Idaho (Table 2) . Ct values were over 32 for all of the nontarget species, which was consistent with weaker primer and probe binding to non-Anguina spp. due to the presence of several mismatched bases. The specificity of primer-probe sets AAfpr, AFfpr, APfpr, and ATfpr was tested in singleplex reactions against target and nontarget Angina spp. and other species of nematodes (not shown). All primer-probe set specificity was tested in duplex real-time PCR, in which each species-specific primer-probe set was tested in the same reaction as the genus-specific set ASfpr ( Table 4) . As expected, the species-specific primer-probe sets reacted only with their intended target species and did not react with nontar- (Table 5 ; curves not shown). These experiments included singleplex quantitative (q)PCR with species-specific primerprobe sets for A. funesta (AFfpr), A. agrostis (AAfpr), A. tritici (ATfpr), or A. pacificae (APfpr) and duplex qPCR with the species-specific primer-probe sets and the genus specific ASfpr primer-probe set as an internal control. In each standard curve, there was a strong negative relationship between Ct and log-transformed amounts of Anguina DNA, with r 2 values for all curves at or near 1.0 (Table 5 ). In comparison with singleplex PCR assays, the PCR AE of the primer-probe sets AFfpr for A. funesta and APfpr for A. pacificae were not significantly different from their duplex reactions. Although the AE of the primer-probe set ATfpr for A. tritici was also reduced in its duplex reaction, it still remained above the 85% level suitable for use in diagnosis (11) . However, the AE of the primerprobe set AAfpr for A. agrostis was greatly reduced from 102.8 to 72.9% in its duplex reaction. This suggests that the duplex primer and probe combination may be less desirable for detection of A. agrostis. Results of the dilution series experiments indicate that the LDL of the singleplex reactions was as low as 1.25 copies of the ITS1 gene (A. pacificae) and as low as 0.68 copies (A. pacificae) in the duplex reactions. LDL for the duplex reactions of A. agrostis and A. tritici were higher than for the singleplex reactions (Table 5) , which is consistent with the lower AE observed in those duplex reactions.
Discussion
Until now, Anguina spp. of economic and regulatory importance were primarily identified through a combination of morphological measurements and PCR RFLP of ITS amplification products (15) . Indistinct juvenile morphology may confound identification in the frequent instances where no adults are found in seed galls, leading to potential regulatory complications. Sequencing of the ITS1 and -2 rDNA genes followed by database searches, alignments, and phylogenetic analysis is also used for unambiguous identification of Anguina spp., particularly when a new or unnamed species is suspected (21) . However, this approach is relatively labor intensive and would likely be prohibitively expensive and impractical in a diagnostic setting where large numbers of samples need to be processed.
This study represents the first demonstration of species-specific real-time PCR primers and probes for identification and detection of four major Anguina spp. For each primer-probe set designed for A. agrostis, A. funesta, A. pacificae, and A. tritici, only the species targeted gave positive Ct values in real-time PCR; tests performed with nontarget species were negative ( Table 4) . The genus-level primer-probe set ASfpr gave similarly low Ct values against named Anguina spp.; this component of the reaction served as a positive internal control for the presence of intact template DNA, integrity of the PCR components, cycler performance, and operator performance. The ability of ASfpr to react with nontarget species was variable; species phylogenetically close to Anguina such as D. dipsaci gave fairly low Ct values, while the phylogenetically distant A. fragariae reacted very poorly with the Anguina-specific ASfpr primer set (Table 4 , some Ct = 0). A TaqMan assay for detection of Meloidogyne chitwoodi and M. fallax also contained such an internal amplification control, which is useful for quality control in the diagnostics of quarantine organisms (25) .
Only one other study published to date included a real-time PCR assay for Anguina sp. identification (11) , and was designed only to detect A. agrostis. The primers and TaqMan probe targeted the same region of ITS1 as the primers and probe described in the present study; their assay was positive when tested against A. agrostis but negative for A. tritici, A. wevelli, and D. destructor (11) . Although there was partial overlap in the region of ITS1 targeted by their A. agrostis primers and ours, their primer-probe set could be tested in our duplex assay to determine whether there is any improvement in reaction efficiency in the A. agrostis duplex reaction. Alternatively, additional annealing temperatures, use of three-step versus two-step cycling conditions, or altered primer concentration ratios may be investigated to further improve performance of the AAfpr primer-probe set for detecting A. agrostis. For all species-specific primers tested and for the genus-specific primer set, there was a strong linear correlation between the quantity of template DNA present and the Ct values (Table 5 ; standard curves not shown). With the exception of A. agrostis, the Ct values for AFfpr, APfpr, and ATfpr were all less than 25, indicating that the single nematode extracts tested contained at least 1,000 copies of the target DNA. This is well above the LDL determined for those primer-probe combinations, whether in duplex or single reactions (Tables 4 and 5 ). Therefore, the sensitivity of the reactions is sufficient to identify the target species at a much lower concentration of template DNA than would be necessary to produce sufficient PCR product to detect the smallest DNA fragments from PCR-RFLP on an agarose gel (15) . Thus, this method represents a higher sensitivity than the only other nonsequencingbased method of Anguina sp. identification.
The present method provides a basis for development of standardized protocols that could be very useful for processing large numbers of survey samples or others that require identification in regulatory settings. The ability to quickly and clearly discriminate among A. funesta, A. agrostis, A. tritici, and A. pacificae provides muchneeded tools for accurate identification of these species. Although other Anguina spp. or unnamed populations were unavailable for specificity testing in our assay, extensive in silico analysis of the primers and probes indicated that false-positive reactions are unlikely. If the results of our assay are negative or inconclusive for an unknown population, sequencing of the ITS region could still be used to support morphological identifications. Expansion of studies to characterize additional unnamed species that may be associated with harmful bacteria will further strengthen the diagnostics needed for accurate identification of Anguina.
